Aortic arch surgery requires complex patient management beyond the manual replacement of the diseased vessel. These procedures include (i) a thorough and pathologically adjusted preoperative evaluation, (ii) initiation and control of cardiopulmonary bypass, (iii) cerebral protection strategies and (iv) techniques to protect the abdominal end organs during prolonged operations. Due to the complexity of aortic arch procedures, multimodal real-time surveillance is required during all stages of the operation. Although having the patient survive the operation is the major goal, further observation is necessary because of the chronicity of the disease. This review summarizes specific aspects of patient management during and after operations requiring periods of circulatory arrest, without necessarily referring to all studies on this topic. The pros and cons of different strategies are weighed against each other, including the personal experience of the authors. A number of questions are raised without providing a 'right' or 'wrong' answer. We show that a number of different well-established strategies can result in comparable excellent long-lasting surgical results.
INTRODUCTION
The principle 'keep it simple and smart' is applicable to most surgical procedures. However, it is not easily applied to the complexities of aortic arch surgery and the management of patients undergoing the procedure. Since it was first introduced in the 1950s [1] , aortic arch surgery has undergone many surgical and medical developments, various trends and errors, and experience-guided as well as evidence-based changes.
The successful repair of the aortic arch combines many factors: (i) reinstitution of the blood flow from the ascending to the descending aorta, (ii) reinsertion of the supra-aortic branch tree, (iii) technical simplification of the surgical procedure, (iv) assurance of neurocognitive function, (v) protection of the abdominal viscera and (vi) adequate surveillance of the multimodular setup.
This review focuses on different aspects of management during aortic arch surgery: protection strategies, differences in cannulation site, monitoring techniques, and pre-and postoperative requirements. We reflect on the current knowledge and trends in management strategies and present a comprehensive overview of up-to-date management but without any claim of completeness.
PREOPERATIVE DIAGNOSTIC
Preoperative surgical planning is crucial; however, in the case of acute, unstable conditions, the planning may be limited to essential examinations.
Chronic aortic disease
Detailed visualization of the pathological area can be achieved by both computed tomography (CT) and magnetic resonance imaging (MRI). CT imaging provides better resolution and is routinely and more widely available, whereas MRI is timeconsuming but offers dynamic imaging and prevents radiation exposure. An optimal scan should be triggered by an electrocardiogram and ranges from the extracranial cerebral vessels to the bifurcation of the common femoral artery, with interpretation, including 3D reconstruction. Further diagnostics should include cardiac catheterization, echocardiography, carotid duplex scan (with additional CT or MRI angiography if the results of the duplex scan are positive) and a pulmonary function test. Routinely imaging the intracranial vessels to evaluate anomalies of the circle of Willis and brain aneurysms is still controversial [2, 3] . Neuropsychological testing and detailed quality-of-life estimates provide additional helpful information, particularly when one is making comparisons to postoperative results and follow-up consultations.
Acute aortic syndrome
In cases where haemodynamic stability is compromised, time is often the limiting factor. Therefore, diagnostic evaluations should be oriented towards gathering essential information rather than focused on completeness. Hence, CT scanning is the preferred method to evaluate aortic anatomy and disease and is superior to other cross-sectional imaging technologies. The above-mentioned imaging criteria are recommended but not mandatory. In severely haemodynamically unstable patients, even echocardiography may be sufficient to confirm the diagnosis and to schedule an emergency operation without losing time for further investigations. In all cases, the aortic valve should be evaluated for better strategy planning prior to the sternotomy, and an orienting vascular status and short neurological examination should be performed.
BASIC MONITORING
The complexity of aortic arch surgery requires multimodal monitoring approaches that are specific to (i) the underlying disease, (ii) the step of the operation and (iii) the applied technique.
In our institution, standard perioperative monitoring during aortic arch surgery consists of central venous pressure, pulmonary artery catheter, transoesophageal echocardiography and invasive blood pressure measurement at different sites. Monitoring blood pressure at different sites is essential; most centres prefer to use one site proximal to and one site distal to the arch to detect malperfusion adequately and in real time, as well as one site at the upper and one site at the lower body [4] . In our centre, triple-site, real-time measurements are established at both radial arteries and one femoral artery. The neurocognitive and cerebral metabolism monitoring methods are described in a separate paragraph below, and a detailed setup is shown in Fig. 1 .
CANNULATION STRATEGY
Cannulation to initiate cardiopulmonary bypass (CPB) can be achieved via different vessels and approaches, with each site providing specific benefits and risks (Fig. 2) . Femoral cannulation, which is commonly easily achieved via an open Seldinger-guided technique, offers early reperfusion of the lower body via retrograde perfusion flow once the distal anastomosis is complete [5] . However, it is suspected that this retrograde flow leads to (i) thromboemboli from abdominal and descending aortic debris, (ii) retrograde dissection and (iii) sometimes malperfusion syndrome secondary to (iatrogenic) aortic dissection [6] [7] [8] [9] . Lymphatic fistulae may not be life threating but can be an annoying and tedious complication in the early and intermediate postoperative periods.
Direct aortic cannulation preserves antegrade flow throughout the aorta by avoiding time-consuming additional incisions and dissection. Nevertheless, concern remains regarding an increased risk of rupture by directly approaching the aneurysmal disease, dislodgement of calcium or debris, and potential malperfusion caused by cannulation of the false lumen in case of an aortic dissection [7, 9] .
Axillary or subclavian access, either by direct cannulation of the vessel or by interposition of an end-to-side graft, offers antegrade flow and simplifies the delivery of potential cerebral perfusion through the primary cannulation site in a unilateral fashion [6, 10, 11] . This approach allows CPB to be undertaken in a notouch fashion with regards to the aorta and avoids dislodgement of debris with cerebral embolization, which is potentially associated with the open placement of separate perfusion catheters in the cerebral vessels. It also ensures antegrade perfusion of the right vertebral artery-and consequently of the spinal cord, whereas selective cerebral perfusion via balloon-tipped ostial catheters is potentially at risk, precluding such perfusion due to dislocation or deep insertion. On the other hand, this technique increases surgical time and carries the risk of localized arterial dissection, distal embolization, upper extremity ischaemia and violation of the brachial plexus [6, 11, 12] . Nevertheless, this technique has gained increasing popularity, especially in high-volume aortic centres, and has been proven to be safe in type A dissection with involvement of the innominate artery [13] .
Beyond these techniques, extra-and intrathoracic cannulation of the innominate artery or the carotid artery has been described and found to be feasible and safe [12, 14] . These alternative techniques avoid interruption of cerebral perfusion while also providing unilateral protection.
Tsiouris et al. [5] recently reported their results with femoral cannulation, which included a very low stroke rate of 1.6%, without malperfusion, arterial dissection, vascular injury or rupture. Studies from our group have found direct aortic cannulation to be superior to femoral cannulation, particularly in dissection cases [7] [8] [9] . These results have been corroborated by others [6, 15] . False lumen cannulation in aortic dissection was only 2.5%, which dropped to zero with the use of Seldinger-wire guidance [15] . A meta-analysis by Benedetto et al. [6] found that, when compared with the femoral artery cannulation site, the axillary/ subclavian cannulation site provided a significant benefit in terms of neurocognitive outcome and mortality rate, whereas when they compared it with direct aortic cannulation, only a trend in favour of the axillary/subclavian cannulation site was found [6] . Svensson et al. [10] also advocated using axillary cannulation, with a beneficial outcome identified when using graft interposition. However, Immer et al. [11] found a substantial number of sensory and motor impairments in more than 20% of cases after axillary/subclavian cannulation. Nevertheless, European guidelines recommend preferential use of axillary cannulation, but the evidence class is only 'IIa, level C' [16] . The alternative inflow site via the innominate artery-directly or by graft-was shown to avoid such brachial plexus lesions and adverse events caused by the additional incision [17] . The flow resistance in the innominate artery is lower than in the axillary artery; complications involving the vessel (dissection, rupture, haematoma, malperfusion) are less frequent; and outcome results are comparable [12, 14, 18] . Pathological changes in the vessel and anatomic issues might contraindicate the use of this technique.
When one combines the results of several recent reports, it seems that safety aspects, the experience of the surgeon, the case load and daily routine have a major impact not only on the specific technique but probably also on the surgical outcome. Independent of the cannulation approach, trouble-shooting concepts should be available for any unexpected emergency situation.
Cross-clamping of the aorta before initiating circulatory arrest (see below) in aortic dissection cases is another debatable issue. Our institute preferentially clamps the aorta while venting the left ventricle, with cardiac arrest initiated by ostial administration of cardioplegic solution. Malperfusion after clamping, identified in the majority of cases by decrease of rSO 2 in NIRS, can be controlled by establishing circulatory arrest, open fenestration of the dissection membrane and reinstitution of CPB. However, both strategies-clamping or no clamping-have their particular benefits and pitfalls.
CARDIOPULMONARY BYPASS
Our institutional setup for CPB, based on a modified adult perfusion system, is depicted in Fig. 3 . The CPB consists of three roller pumps and is primed with 800 ml saline, 125 ml mannitol 20% and 10 000 IE of heparin. To avoid unnecessary haemodilution, we implemented retrograde autologous priming prior to CPB to further reduce the priming volume to 400-550 ml.
The acid-base management followed the alpha-stat principles of temperature-uncorrected blood gas analysis and treatment. If prolonged CPB times are expected, a cytokine filter (CytoSorb V R ) is used, which in theory may reduce the number of circulating vasoactive mediators.
We prefer ice-cold (5-8 C) crystalloid solution (e.g. Custodiol V R ) to initiate cardiac arrest. The long-lasting protective effect of crystalloid solutions is, in our opinion, superior as it avoids recurrent administration, which potentially may alter the manual surgical workflow. Additionally, frequent topical cooling of the heart is performed according to the surgeon's preference. If venous drainage is achieved by bicaval cannulation with total CPB, the circulated cardioplegic solution is removed via suction from the right atrium. In our experience, this procedure avoids further haemodilution and thus reduces tissue oedema and the need for vasopressor agents. Prior to the circulatory arrest period, high doses of methylprednisolone are administered and the head is packed in ice.
During reperfusion of the lower body, ultrafiltration is frequently applied, and FiO 2 is adjusted to avoid a pO 2 above 200 mmHg. This approach may have an impact on reperfusion injury by reducing accumulation of oxygen free radicals. Temperature management during cooling and rewarming follows established guidelines, with a maximum gradient of 10 C between H 2 O and arterial temperature, while aiming to reach a core temperature of 36 C before the CPB weaning process.
CEREBRAL PROTECTION
Replacement of the aortic arch portion by definition requires exclusion of the supra-aortic branches [1] . Therefore, the ischaemic tolerance of the central nervous system (CNS) is the limiting factor of such procedures [19] . The vulnerability of the brain to ischaemia is attributable to its high metabolic rate and lack of glucose storage; therefore the brain requires high oxygen and glucose supply at all times [20] . Under physiological conditions, autoregulation maintains this cerebral metabolic demand by keeping cerebral blood flow (CBF) constant across a wide range of cerebral perfusion pressures (40-160 mmHg). Cerebral metabolism can itself be estimated and monitored indirectly by the oxygen metabolic rate equation (CMRO 2 = CBF Â cerebral arterio-venous oxygen content difference/100) [21] . To prevent cerebral damage during aortic arch surgery, either the cerebral metabolic demand has to be suppressed, or the consumption of oxygen and glucose has to be maintained. Cerebral protection strategies are aimed at either or both of these techniques [22] .
Hypothermia can still be key to cerebral protection by reducing the metabolic rate adequately [19, 21, 23] . The cerebral metabolic rate is decreased by 5-7% for each degree Celsius decline in body temperature, but without reaching zero [21, [23] [24] [25] . Various definitions of hypothermic stages, with criteria of variable robustness, exist in the literature. Yan and international experts tried to unify the definition of temperature on the basis of metabolic and neurocognitive suppression in a consensus statement in 2013; they classified hypothermia as 'mild' at 28.1-34 C, 'moderate' at 20.1-28 C, 'deep' at 14.1-20 C and 'profound' < _14 C (Table 1) [21, 23, 26, 27] .
Hypothermic circulatory arrest (HCA) was established as a protection technique by Griepp in the 1970s and has become routine in clinical practice [28, 29] . Straight HCA was found to be simple and effective, while providing an unimpaired surgical view because of the lack of additional perfusion catheters in, or cannulas close to, the operative field [29] . However, the debate about safe duration of HCA continues. McCullough et al. [33] . Adjunct selective antegrade cerebral perfusion (SACP) effectively maintains the oxygen and glucose demands of the CNS during circulatory arrest, provides continuous cooling and facilitates maintenance of moderate core temperatures of the lower body with shortened CPB times [22, 34] . The CNS is perfused via the carotid arteries either by a cold perfusate (e.g. 10-12 C), as initially proposed by Guilmet and Bachet [35] , or, following Kazui et al., by moderate tempered perfusate [36] . SACP restores cerebral metabolism and can be used safely for more than 90 min [37, 38] . Perfusion pressure and flow are crucial, in particular when using moderate core temperature. Hypoperfusion may result in CNS ischaemia and hyperperfusion (so called 'luxury perfusion'), leading to cerebral oedema [29, 39, 40] . Tanaka et al. [41] found in their experimental model that 50% of normal flow rate (corresponding with a carotid pressure of 40 mmHg) was sufficient for neurofunctional and histopathological patterns. Jonsson et al. [42] reported 6 ml/kg/min as the lower threshold needed to maintain acceptable physiological conditions without transition into ischaemic metabolism (compared with 4 or 2 ml/kg/min). On the other hand, Halstead et al. [39] described an increased CBF at 90 mmHg (compared with 50 and 70 mmHg) without advantages in metabolic reduction, but resulting in increased intracranial pressure and poorer neurobehavioural outcome. Haldenwang et al. [40] confirmed these findings, while also noticing increased cerebral oedema without metabolic benefits at flow rates of 18 ml/kg/min compared with 8 ml/kg/min. Hence, cerebral perfusion pressure is recommended between 40 and 60 mmHg and flow rate between 6 and 10 ml/kg/min. However, controversy remains regarding the impact of atheromatous and gas emboli due to manipulation and cannulation of the supra-aortic vessels [22] and the number of vessels to perfuse to maintain adequate protection.
Unilateral perfusion via right axial cannulation offers a clear view in the operative field and avoids direct cannulation of the carotid arteries; however, a sufficient circle of Willis is considered mandatory. About 40-68% of the patients with diseases of the aortic arch present with various abnormalities of the circle of Willis [2, 3] . Nevertheless, Merkkola et al. described sufficient collaterals in most of them [2] , confirmed by Urbanski et al. [3] , who reported no clinical impact of such abnormalities. Clinical studies have shown both a comparable outcome [3, [43] [44] [45] [46] and inferior results of unilateral antegrade perfusion with regards to postoperative neurological events and operative mortality [38] . However, if circulatory arrest exceeds 40 min, Malvindi et al. [38] and Angeloni et al. [46] reported superior operative outcomes using bilateral perfusion, and Kr€ ahenbühl et al. [43] found that quality of life during follow-up also favours bilateral application. The impact of additional perfusion of the left subclavian artery therefore remains open to discussion [47] .
Retrograde cerebral perfusion (RCP) with oxygenated blood via the superior vena cava (20-25 mmHg, 100-500 ml/min) was frequently used in the past but is now less popular [48] [49] [50] . The beneficial effect of such retrograde flow is now believed to be due to better continuous distribution of cooling and embolic flush rather than to methods of oxygen delivery [22, 48] .
But, which technique provides the best protection for the CNS? Many have written about these different techniques within recent decades, drawing various conclusions. For example, Okita et al.
[51] described no difference between RCP and SACP in their analysis of the Japan Adult Cardiovascular Surgery Database. The Yale group of John Elefteriades has frequently contributed to protection strategy research and found straight deep HCA (DHCA) is as effective as adjunct perfusion techniques [32] . By comparing DHCA with and without SACP experimentally, data from our group revealed better neurophysiological recovery, less oedema and better metabolic balance when we perfused the CNS selectively [34] , confirmed by more recent studies [52] . Misfeld et al. [44] found from their analysis of clinical data that SACP favours straight DHCA and RCP in a mixed population, which was corroborated by Wiedemann et al. [53] who looked specifically at a group of patients with dissection. In a recent meta-analysis, Tian et al. [45] found that antegrade perfusion is superior to isolated DHCA.
The current trends among Europe's cardiothoracic departments show a preference towards antegrade cerebral perfusion at [22] [23] [24] [25] [26] C in acute (91%) and chronic cases (98%), with predominantly axillary/subclavian cannulation [50] . Straight DHCA is used in 6% of acute cases, with retrograde perfusion only being applied in exceptional acute cases. In a smaller editorial-board poll, Ziganshin confirmed such trends [49] . Interestingly, onethird of surgeons choose their protection method on the basis of the complexity of the case instead of following stricter policies. Although the 2014 European Society of Cardiology guidelines recommended SACP using evidence 'class IIa, level B' [16] , the American guidelines from 2010 accept all three strategies as effective at the same level of evidence (class IIa, level B) [54] .
CEREBRAL TEMPERATURE MANAGEMENT
Temperature management during circulatory arrest is as crucial as it is controversial. Many strategies have been advocated, and protocols differ significantly among the aortic centres. It is widely accepted that electrocerebral inactivity (ECI) is a valid parameter of sufficiently suppressed cerebral metabolism and thus, historically, it was used to determine the optimal temperature for circulatory arrest without adjunct perfusion techniques. Stecker et al. [27] found that an average temperature of 17.8 C was required to achieve ECI, but with a wide individual range (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) C). In contrast, James et al. [55] found the mean temperature of ECI to be 15.5 C; however, they also noted that the temperature that caused ECI in 95% of patients was lower at 12.7 C. Like others [19, 21, 23] , both studies outline ineffective cerebral metabolic suppression at 18 C, reporting ECI in <40% and 7% of their patients, respectively. Restoring the metabolism by continuous selective cerebral perfusion potentially allows the use of higher temperatures. Despite findings by Strauch et al. [56] , who experimentally reported better neurobehavioral outcome by using 10-15 C tempered perfusion (compared with 20-25 C), experimental studies from our group and others found results in favour of moderate temperatures [52, 57] . Khaladj and our group [57] described the impact of different perfusate temperatures and found perfusion at 20 C to be superior to deep (10 C) and mild (30 C) hypothermic perfusate according to intracranial pressure (as a surrogate of cerebral oedema), electrophysiological recovery and molecular-genetic analysis. Salazar et al. [52] confirmed these findings and reported preservation of cerebral metabolites. Clinically, Tsai et al. [58] investigated cerebral perfusion with moderate (>20 C) compared with deep (<20 C) temperatures and noted improved neurological and early survival outcomes from using moderate temperatures. Pacini et al. [59] , using a higher threshold (25 C), described no differences in outcome; consequently, a moderate temperature for brain perfusion is safe and not inferior to deeper levels. Zierer et al. [60] confirmed these positive results in their population of 1002 patients undergoing antegrade perfusion at 28-30 C. Leshnower et al. found that shifting their cerebral perfusion strategy towards even higher temperatures was associated neither with a beneficial effect nor with impaired outcome for mild (27) (28) (29) (30) (31) (32) (33) (34) C) compared with moderate (22-26 C) hypothermia [61] . Apart from the Duke University group, who considered that, in the absence of robust comparative studies, the gold standard remains straight HCA at deep ECI-inducing temperatures [37] , a survey analysis by De Paulis et al. [50] found that about twothirds of European aortic centres prefer to perfuse the brain at [22] [23] [24] [25] [26] C and one-third at lower temperatures, as our institution does (24 C selective antegrade perfusion). In summary, it is, in our opinion, not possible to favour one technique over the other. On the other hand, the effect of hypothermia on metabolism is an unimpeachable fact. Therefore, some cold perfusion may be unnecessary in the majority of routine aortic arch cases but may offer the advantage of time in an unexpectedly complex and prolonged procedure.
NEUROMONITORING
The CBF can be routinely monitored noninvasively by nearinfrared spectroscopy (NIRS) [50] . NIRS is based on the BeerLambert law that relates absorption capacity of infrared light to tissue saturation. The estimated cerebral tissue oxygen saturation (rSO 2 ) can thus be measured in real time and has been shown to correlate significantly with neurocognitive status and mortality outcome [62, 63] . Hence, NIRS provides the opportunity to optimize CBF by increasing PaCO 2 , arterial pressure or perfusion pressure (during SACP), FiO 2 and haematocrit, as suggested by Murkin et al. [64] . Furthermore, when employing unilateral selective antegrade perfusion (see chapter above), sufficiency can be monitored at the left frontal cortex and, if applicable, changed to bilateral perfusion [63] . The threshold of 'sufficient CBF' varies in the literature between 55% and 75% [62, 64] ; however, achievement of preoperative values and broadly stable saturation appears to be superior to usage of the absolute saturation measures. But NIRS technology has a limited diagnostic value. The monitored area is restricted to the position of the sensors, and differentiation between causes of reduced rSO 2 -hypo-/malperfusion, embolus, air bubbles-is therefore not possible.
Trans-cranial Doppler (TCD) measures the CBF velocity in the middle cerebral artery while also providing real-time visualization. However, TCD is time-consuming and sensitive to displacement, flawed in low flow conditions, and requires a high level of expertise [65] . Another possibility to estimate CBF by Doppler is the ophthalmic artery, which overcomes some of the limitations of TCD but does not allow continuous monitoring [4] .
Surveillance of cerebral metabolism can be achieved by either electrophysiological monitoring or jugular bulb venous saturation. Electroencephalography is an established tool evaluating metabolic suppression during hypothermic arrest and restored activity during antegrade cerebral perfusion at moderate temperatures [37, 55] . Evoked potentials, either from the somatosensory or from the motor neuron pathway, are monitored to protect the spinal cord during descending and thoraco-abdominal aortic intervention and to provide useful information about the brain stem and cortical and subcortical regions. However, electrophysiological measures are vulnerable to interference by anaesthetic agents and, as with Doppler techniques, require a minimum level of experience. Jugular bulb venous saturation (jSvO 2 ) represents an invasive alternative to estimate metabolism by comparing oxygen supply and CBF with oxygen consumption by metabolism (CMRO 2 ) [21] . A jSvO 2 >95% represents sufficient metabolic suppression, whereas saturations lower than 20% reflect a trend towards consumption. Due to the invasiveness and complexity of catheter positioning, protection efficacy is less frequently controlled by jSvO 2 [50] .
The ability to monitor blood flow (e.g. NIRS) and complete metabolic surveillance enables optimization and necessary alteration of the operative strategy (e.g. change from unilateral to bilateral cerebral perfusion) and of patient management [37] .
Independent of the intraoperatively used surgical and protective approaches, the potentially detrimental effect of an impaired haemodynamic situation during the direct postoperative course in the intensive care unit is frequently underestimated. Blood pressure disturbances, an uncontrolled bleeding situation, the administration of blood and coagulation products, as well as an unsatisfactory pulmonary function may cause unforeseeable harm to our patients. Therefore, surgical surveillance does not end in the operating room but is decisive for the final surgical result.
PROTECTION OF THE VISCERA, SPINAL CORD AND HEART
The visceral end organs are less sensitive to ischaemia than the CNS, hence a higher core temperature, facilitated by protection strategies that maintain cerebral metabolism, can potentially be achieved. Khaladj and our group investigated the protective potency of different temperature regimens during circulatory arrest in experimental animal models. We found moderate hypothermia (20 C) to be both effective and superior for lower body protection compared with mild temperatures (30 C) [66] . Kamiya et al. [33] reported the safety of moderate HCA (25) (26) (27) (28) C) in clinical practice and found no differences in outcomes or laboratory parameters indicative of impaired renal and liver function, compared with a propensity score matched cohort maintained at lower temperatures (20) (21) (22) (23) (24) (25) C). Pacini et al. [67] , like many others since then [58, 60] , have confirmed that sufficient visceral protection can be achieved by using moderate hypothermia (>25 C vs <25 C), with almost no difference in laboratory (except in aspartate-transaminase) and clinical outcomes. However, it was found that CPB time (>180 min) was the limiting factor.
Ensuring adequate visceral protection at moderate-to-mild temperatures not only with no time limit but also without cooling to deeper temperatures is achieved at many centres by implementing lower body perfusion during distal and supra-aortic anastomoses. Experimental studies from our group indicated that even low flow conditions (e.g. 50% of baseline CPB flow) are sufficient to optimize visceral protection [68] . A clinical study by Della Corte et al. [69] found beneficial results in respiratory and renal function, length of stay and laboratory measures using distal perfusion compared with circulatory arrest at [22] [23] [24] [25] [26] C. Other studies confirmed the advantages of organ perfusion using different techniques with different perfusion strategies at moderate or even normal temperatures [70] . The branched graft technology simplifies lower body perfusion after creating the distal anastomosis and avoids perfusion cannulas or tubes interfering with the surgical field [71] .
However, even if moderate temperatures and distal perfusion adequately address the ischaemic tolerance of the viscera, the spinal cord remains crucial. Kamiya et al. [33] reported a proportionally increased incidence of paraplegia after 60 min of moderate HCA compared with lower temperatures, even with the application of antegrade perfusion. SACP, in its common setup, only sustains sufficient protection down to T8/9, but rarely below [72] . Consequently, spinal cord protection depends primarily on temperature. Strauch et al. [73] showed experimentally that cooling to 32 C increases the ischaemic tolerance of the cord from 20 to 50 min. Based on studies from the Mount Sinai Group, Etz and Luehr estimated that the safe duration for the spinal cord was 20, 50, 75 and 120 min at 37, 32, 28 and 20 C, respectively [25] . Early reinstitution of perfusion and reduction of ischaemic time appear to be beneficial. This hypothesis is also applicable to the heart. Martens et al. reported their results from non-cardioplegic continuous myocardial perfusion during aortic arch repair while necessarily venting the left ventricle. The process was initiated after finalizing the proximal anastomosis and showed a reduction in low cardiac output syndrome and operative mortality [74] .
Our institutional policy involves the use of moderate core temperatures (26 C bladder temperature) with early reperfusion of the lower body (Fig. 4) . Therefore, we preferentially use branched prostheses for aortic arch surgery. Depending on the complexity of the root disease, we can select to implement continuous myocardial perfusion in aneurysmal disease and perform aortic arch replacement with the 'beating heart' technique. However, such a perfusion technique, including both cerebral, myocardial and distal (lower body) perfusion in three completely different circuits, requires an experienced team approach among surgeon, perfusionist and anaesthesiologist to avoid adverse hyper-or malperfusion.
POSTOPERATIVE AND POST-DISCHARGE CARE
Postoperative blood pressure management, as stated above, remains essential to avoid cerebral and spinal cord injuries, particularly after the frozen elephant trunk technique. In our institution, NIRS monitoring is maintained during the initial postoperative period, and the mean arterial pressure (MAP) is adjusted above 70 mmHg, with increases achieved by catecholamine therapy. Oxygenation is optimized to normal values to avoid deployment of free radicals, and glucose metabolism is controlled. Patients are generally kept normothermic. To treat or prevent neurological injuries over time, clinical and neurological evaluations of the patient are necessary as early as possible. If the patient shows signs of a spinal cord lesion, a cerebrospinal fluid catheter is inserted to monitor the cerebrospinal pressure and, if applicable, drain the cerebrospinal fluid. Even if a guide value of 10 mmHg is advocated in the literature, higher values are often observed. The objective value is adjusted to the individual response to the fluid drainage; however, the pressure should be maintained below 17mmHg. Optimizing the haematocrit, oxygenation, blood pressure (MAP 80-90 mmHg) and central venous pressure (to lower values) may be adjunct measures, and anticoagulation with heparin and acetylsalicylic acid is initiated. In the case of a central lesion, CT in real time is indicated to exclude an intracranial haematoma or bleeding.
Post-discharge, regular clinical follow-up is recommended and routinely completed after cardiac procedures, generally by the patient's primary care physician or cardiologist (Table 2) . Frequent imaging, including CT, MRI or, in the case of root diseases, echocardiography, is essential to adequately follow up the aorta and adjacent structures. The European Society of Cardiology recommends that after surgically corrected aortic dissection, imaging should be completed at 1, 6 and 12 months and then annually [16] . If the patient remains stable, 2-year intervals are sufficient. Patients with aortic aneurysm require less close interval monitoring, as long as the aortic dilation remains stable. The North American guidelines recommend imaging studies at 1, 6 and 12 months, and annually afterwards in acute aortic dissection [54] . With regards to corrected aortic arch aneurysms, radiographic follow-up after 1 year followed by a 2-to 3-year interval is suggested. However, in addition to these obvious and widely implemented examinations, further testing methods should also be considered routinely:
Neuropsychological testing
Neurological outcome of cerebral protection is traditionally classified according to Ergin et al. [75] as (i) temporary neurological CT-/MRI-angiography (if applicable) Genetic testing -If relevant mutation found in patient Genetic testing -If relevant mutation found in patient dysfunction, defined as confusion, agitation, delirium, prolonged obtundation or transient Parkinsonism without any localizing neurological signs; and (ii) permanent neurological dysfunction including focal strokes and persisting global neurological deficits. Temporary neurological dysfunction was historically considered to be transient with complete remission; however, more sensitive testing found an increased incidence of further deficits in such patients in the long run [76, 77] . Neuropsychological testing per se has the potential to identify deterioration sensitively, even if no major neurological deficit is observed [76, 77] . Neuropsychological testing includes cognition, memory/learning, language, fine motor and visual motor skills, executive function and more, and can also be successfully assessed using the Internet [31] .
Quality of life
Beyond postoperative morbidity and mortality, quality of life is a surrogate of surgical outcome, with studies considering this with long-term follow-up [78] . However, the majority of studies did not evaluate a baseline value and therefore comparisons of success are limited. The ability to estimate routinely patients' physical and mental conditions, life autonomy and leisure activities will help to improve the quality of treatment and better balance the risks and expectations.
Genetic testing
Genetic mutations and family patterns have been proven to underlie thoracic aortic disease [79] . In addition to the commonly known syndromic defects (Marfan syndrome, Ehlers-Danlos syndrome), routine genetic testing provides greater insight into the aetiology, genetics and inheritance of aortic diseases [80] . Identifying patients or relatives who are at risk of aortic dissection and rupture is one of the future aims to prevent and treat aortic diseases, thus providing an additional dimension for decision making.
CONCLUSIONS
Balancing the avoidance of impediments during a technically complex procedure, while ensuring adequate organ protection, is the great challenge faced by surgeons during open aortic arch surgery. Such management beyond the surgical technique itself is therefore multidimensional:
1. Adequate and thorough preoperative evaluation and diagnostics avoid unexpected pitfalls and facilitate preparation of potential safeguards. 2. The cannulation site not only impacts neurological outcome but also provides the potential to ease or complicate the manual surgical work. Axillary or subclavian cannulation is, especially in high-volume centres, the most popular technique, whereas direct aortic cannulation is the fastest. In acute type A aortic dissection or redo procedures, the femoral artery remains a frequently used site. 3. Cerebral protection remains crucial. Current trends are clearly towards a selective antegrade perfusion at moderate temperatures, even though excellent results have also been reported with straight HCA. Independent of the strategy, a correlation between the duration of circulatory arrest and outcome is frequently observed. 4. Moderate core temperatures are safe when using protection techniques that restore cerebral metabolism. Otherwise, deep hypothermia is advisable to sustain viability of the CNS. 5. Abdominal end organs and the spinal cord are not entirely secure at higher temperatures and with adjunct SACP. Early reinstitution of perfusion is essential. 6. Monitoring has to be adapted to the complexity of the expected or potential procedure. Each feature of the operative strategy has to be addressed using a team approach (surgeon, perfusionist, anaesthesiologist and nurse). 7. Treatment of aortic diseases is not limited to the patient and does not end with the operation. Inheritance patterns can underlie aortic diseases and commonly include more than one organ system. 8. Relatives of aortic patients, in particular in families with a strong positive family history or in the case of inherited genetic mutations, may also require multidisciplinary evaluation and consultation and benefit from inclusion in the surveillance programme [54] .
An all-embracing approach to the treatment of patients with complex aortic arch diseases-aneurysms or dissections-requires competent centres, uniting diverse specialties and frequently counselling patients and their outpatient physicians.
